We demonstrate the feasibility of high-resolution terahertz gas spectroscopy based on the external optical feedback effect in a quantum-cascade laser. Tuning the frequency of the quantum-cascade laser across a molecular absorption line of CH 3 OH leads to a reduction of the optical feedback, which can be detected by monitoring the voltage across the quantum-cascade laser. This method provides a high spectral resolution of =D ¼ 10 6 and a sensitivity comparable to that obtained with a cryogenically cooled Ge:Ga photoconductive detector. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4967435] High-resolution molecular spectroscopy with terahertz (THz) quantum-cascade lasers (QCLs) has seen an increasing scientific interest in recent years. [1] [2] [3] One example is the observation of the fine structure transition of atomic oxygen OI at 4.7448 THz with a QCL-based heterodyne spectrometer on board of the Stratospheric Observatory for Infrared Astronomy (SOFIA). 4, 5 This spectrometer is capable of a high spectral resolution on the order of 10 6 , while a spectral resolution on the order of 10 9 has been demonstrated in a direct absorption spectrometer with the QCL referenced to a THz frequency comb. 6, 7 The extensive use of THz QCLs for high-resolution spectroscopy is still limited by their relatively low optical output power of only a few mW in continuous-wave mode as well as the system size and complexity. While cryogenically cooled detectors are expensive, spectrometers based on room temperature-operated detectors such as Golay cells or pyroelectric detectors are typically rather slow. Nevertheless, a high sensitivity can be achieved with room temperature detectors as demonstrated in Ref. 8 . Recently, it has been shown that the sensitivity of a QCL to external optical feedback (EOF) can be used to replace a detector. 9 As another advantage, the sensitivity of such a configuration does not rely on a large output power, since the sensitivity to EOF is determined by the relative amount of the re-injected light and not the absolute level of output power. So far, this has been applied to THz imaging of solid samples. [9] [10] [11] Here, we present an approach to high-resolution molecular spectroscopy, which is based on the sensitivity of the QCL to EOF. 12, 13 A schematic of the experimental setup is shown in Fig. 1 . THz radiation is generated by a QCL with a 1.2-mm long Fabry-P erot resonator mounted in a compact Stirling cryocooler (Ricor K535).
14 The QCL design is based on a GaAs/(Al, Ga)As heterostructure and a single-plasmon waveguide with an outcoupling facet of 10 Â 100 lm 2 . 15 The QCL is operated up to 100 mA above the laser threshold (I th ¼ 330 mA) and at a heat sink temperature of 48 K. The latter is stabilized to 63 mK by a temperature control unit (CryoCon C24). At these settings, the QCL emits a single mode at 3.32 THz (see inset in Fig. 1 ) with an optical output power of up to 2 mW. The beam of the QCL is focused by a 25.4-mm diameter off-axis parabolic mirror onto a plane mirror at a distance of 435 mm from the outcoupling facet of the QCL. The plane mirror is mounted on a voice coil, which serves as a linear translation stage. It reflects the beam back into the laser resonator and induces EOF. A 300-mm long absorption cell sealed by two 1.5-mm thick high-density polyethylene windows is placed in the optical path between the plane mirror and the cryocooler. The absorption cell can be evacuated to 10 À4 hPa by a turbo molecular pump (TMP), and the CH 3 OH gas can be injected via a needle valve. The frequency of the QCL can be tuned by a current source (Lightwave LDX3232). The AC voltage part of the selfmixing signal is recorded by a voltage divider circuit, a low noise differential amplifier (Stanford Research SR560), a mechanical chopper and a lock-in amplifier (Stanford Research SR850). The signal is read out by a data acquisition device (DAQ). In order to measure directly the absorption signal, the plane mirror and the voice coil can be replaced by a Ge:Ga photoconductive detector.
The experimental setup can be described as a three-mirror assembly formed by the partially transmitting out-coupling facets of the QCL and the plane mirror, which reflects some parts of the QCL emission back into the active medium. This setup is described by the Lang-Kobayashi model. In steady state, the following phase condition has to be fulfilled 12, 16, 17 
with L QCL (n QCL ) and L ext (n ext ) denoting the effective length (refractive index) of the QCL cavity and external cavity, respectively. denotes the coupling efficiency, R QCL the facet reflectivity of the QCL, and T the single pass power transmissivity T ¼ expðÀa gas L gas Þ of the absorption cell, where a gas and L gas are the absorption coefficient and the length of the absorption cell, respectively. The linewidth enhancement factor a depends on the operating parameters.
For the current and temperature range of our experiments, a has been determined to be À0.9 using the method described in Ref. 11 . The EOF induces a modulation of the emitted QCL power and lasing frequency. The influence of EOF on the QCL voltage U QCL is given by
with U 0 denoting the unperturbed QCL voltage and U EOF the voltage modulation induced by EOF. The parameter b 0 is a constant. With Eqs. (1) and (2), we obtain for the voltage modulation
In case of sufficiently weak feedback (C < 1), we can replace / EOF by / 0 in Eq. (4). In the vicinity of / 0 ¼ Np, with N being an integer and for sufficiently small values of a, the second term in the cosine vanishes. We obtain approximately U EOF / T, which represents the limit of conventional absorption spectroscopy. In general, U EOF depends on both the real and imaginary part of the refractive index in the gas cell, since / 0 is a function of the real part of the refractive index via the optical length of the gas cell. This holds even for the limit of extremely weak feedback, for which the second term in the cosine is always negligible. Figure 2 shows the EOF signal as a function of frequency with and without CH 3 OH in the absorption cell for the unperturbed case. The frequency scale is derived from the frequency-current dependence of the unperturbed QCL. An absorption spectrum measured with the Ge:Ga detector and a calculated absorption spectrum using the Jet Propulsion Laboratory (JPL) data base 18 are also shown in Fig. 2 . In order to determine the emission frequency of the unperturbed QCL, we compared the measured fingerprintlike absorption spectrum with a spectral line catalogue. 19 Details of the assignment procedure are described in Ref. 20 . Without EOF, the dependence of the QCL frequency on the current and temperature is linear with tuning coefficients ð14:760:2Þ MHz/mA and ð128:262:1Þ MHz/K, respectively. In total, a tuning range of almost 1.5 GHz is achieved by varying the laser current over 100 mA, which in turn results in a change of the effective refractive index due to a variation of temperature and carrier distribution. The tuning range depends on the active-region design of the QCL 15 and the employed Fabry-P erot resonator. Based on the temperature fluctuations of 63 mK, we estimate a QCL linewidth of 1 MHz. This corresponds to a resolving power on the order of 10 6 . The EOF induces a continuous, almost cosine modulation of the signal intensity, indicating a weak optical feedback with C < 1. The EOF signal with 1 hPa CH 3 OH (blue line in Fig. 2 , no offset) reveals several dips, which correspond to absorption lines measured with the Ge:Ga detector and calculated from the JPL data base. When the absorption cell is evacuated (black line, offset of À0.5 mV), the dips disappear, which verifies that they are caused by CH 3 OH absorption. There is a noticeable sign change of the absorption signals: An increase is observed in the case of a negative EOF signal, while for a positive EOF signal, a decrease is observed as expected from Eq. (4). Particularly noteworthy is the third absorption line at þ1:050 MHz in Fig. 2 , which is one of the strongest in the spectrum measured with the Ge:Ga detector as well as for the calculated spectra. Since it is very close to a zero-crossing of the EOF signal, this line does not appear in the self-mixing spectrum. There are slight deviations between the spectra measured with the Ge:Ga detector and measured by self-mixing, because the frequency scale does not take into account, the EOF. In contrast to the frequency accuracy, the spectral resolution is not noticeably affected by EOF.
A major difference in standard laser absorption spectroscopy results from the characteristics of the EOF signal as described by Eq. (4). If an absorption line is for instance located near a zero-crossing of the EOF signal, it almost disappears. In the following, we demonstrate two complementary methods of frequency modulation to circumvent this obstacle. For these experiments, the setup is slightly modified. The lock-in amplifier and the mechanical chopper are removed, and the EOF signal is directly fed into the DAQ that is operated with a sampling rate of 300 kHz. At the same time, we employ a voltage modulation of the voice coil with an amplitude of 200 mV and at a frequency of vc ¼ 200 Hz that is generated by the DAQ. This results in a maximum voice coil displacement of A vc ¼ 45 lm. The QCL frequency is tuned in steps of 1.5 MHz, which in turn modulates the interferometric phase at each frequency step by
with c denoting the speed of light and / vc ¼ 2p vc s þ / shift the voice coil phase. s and / shift are the time and an offset term of the voice coil phase, respectively. This scheme allows for mapping the EOF signal as a function of the voice coil phase at each particular QCL frequency. Since the interferometric phase is swept for over more than 2p in this configuration, all absorption lines are passed by the maxima and minima of the EOF signal where the sensitivity is highest. The result is shown in Fig. 3 for an absorption cell filled with CH 3 OH at 1 hPa and for an evacuated cell. Because the frequency scale does not take into account the EOF, the absorption lines appear as wavy vertical lines indicated by white arrows in Fig. 3(a) . From the maximum frequency amplitude D max ¼ 0 À , we derive the feedback parameter C ¼ 0:2760:02 according to Eq. (1). This confirms that the EOF is in the weak feedback regime. 16 By evacuating the cell, the absorption features disappear [cf. Fig. 3(b) ]. However, the quality of the spectra is limited by the inertia of the voice coil that does not allow for higher modulation frequencies.
In order to improve the signal-to-noise ratio (SNR), the modulation procedure is inversed, i.e., the voice coil position is changed in steps of 22.5 nm over a length of 160 lm. At each step, a triangular current modulation with a frequency of 500 Hz and an amplitude of 5 mA (corresponding to 75 MHz) is superimposed on the QCL DC current. The QCL is set to a central frequency of 3.31875 THz, which is close to the first pair of CH 3 OH lines in Fig. 2 . The frequency is swept from 75 to À75 and then back to 75 MHz with a step width of ð0:4960:02Þ MHz. Figures 4(a) and 4(b) show the result for one modulation period per voice coil position at pressures of 1 and 3 hPa, respectively. In Fig. 4(a) , the two absorption lines are visible as wavy lines between 0 and þ75 MHz (indicated by white arrows). The feedback parameter determined from the frequency amplitude is C ¼ 0:2560:01, which is close to the value calculated from the data in Fig. 3(a) . Again, the frequency scale does not take into account, the EOF. Due to the higher modulation frequency resulting in a smaller 1/f noise, the quality of the spectra is significantly better than that obtained with voice coil modulation. In Fig. 4(b) , the lines are somewhat smeared out due to pressure broadening. In both cases, the periodicity of the EOF signal as a function of the voice coil position is approximately 45 lm, which corresponds to half the laser wavelength.
A cross-section taken at a fixed voice coil position of 25 lm in Figs. 4(a) and 4(b) yields the absorption spectra shown in Fig. 5(a) , which are averaged over 20 frequency steps (¼ 10 MHz) resulting in a SNR of up to 290 for the absorption line at 805 MHz. In comparison, the maximum SNR obtained with the Ge:Ga detector is 910. Figure 5 (b) presents the transmission spectra normalized to the reference signal obtained from the evacuated absorption cell. Therefore, we assume to be in the limit of conventional absorption spectroscopy, as discussed with respect to Eq. (4). The dashed lines in Fig. 5(b) refer to a simulation of the expected CH 3 OH transmission spectrum, which is based on the JPL molecular catalogue. 18 For the spectrum at 1 hPa, the agreement is good. However, the separation between the two absorption peaks is somewhat smaller than calculated. This is a consequence of the frequency deviations caused by optical feedback, which has been neglected for the simulated transmission spectra. The increased optical attenuation reduces the feedback parameter C [cf. Eq. (2)] and leads to a shift of the actual QCL frequency. This is consistent with the observation that the deviation between measured and simulated spectra becomes even larger at a pressure of 3 hPa (Fig. 5) . Improvements are expected for a further reduction of the feedback, which will require additional measures to reduce the noise floor.
In summary, we demonstrated the feasibility of highresolution molecular spectroscopy based on self-mixing in a THz QCL. The laser is operated in the weak feedback regime with C ¼ 0.26. Absorption spectra of CH 3 OH have been measured. The averaged SNR for self-mixing spectroscopy is 290, which is only a factor of 3.1 less than that obtained with a liquid-helium-cooled Ge:Ga detector. We demonstrated that the molecular absorption significantly reduces the level of feedback. This leads to a frequency shift of the overlapping absorption lines, which is on the same order of magnitude as the pressure broadening of the absorption line. Although the spectral resolution =D is approximately 10 6 , additional frequency calibration is required if absolute frequencies have to be measured. We conclude that a spectrometer based on a self-mixing scheme in combination with THz QCLs allows for sensitive high-resolution spectroscopy in the THz spectral region. Such a system provides the important advantage of being compact and less expensive, as there is no need for an additional cryogenically cooled detector. 
